Rotation sensing of Earth has many applications in different disciplines, such as monitoring of ground motions, the establishment of UT, and the test of the relativistic Lense-Thirring effect. We report the development of a large scale passive resonant gyroscope (PRG) with a meter size optical ring cavity. By locking a pair of laser beams to adjacent modes of the square ring cavity in the clockwise and counter-clockwise directions, we achieve a rotation resolution of 7 × 10 −10 rad/s at an integration time of 4000 s. The PRG detects the tiny rotation motions of the housing platform, and the rotation sensitivity reaches a level of 2 × 10 −9 rad/s/ √ Hz in the 5-100 Hz region, currently limited by the detection noise, residual amplitude modulation and the instability of the cavity length. Our result improves the rotation sensitivity of the PRGs to a new level, and indicates that PRGs have a great potential to be a high resolution Earth rotation sensor at much smaller cost.
I. INTRODUCTION
Many large scale ring laser gyroscopes (RLGs) have been built over the last three decades with extremely high sensitivity and excellent stability 1 . These large ring lasers have found applications in different fields like geophysics 2,13 , geodesy 3 , seismology 4 , and fundamental physics tests 5, 6 . The G-ring at the Geodetic Observatory of Wettzell in Germany, the most sensitive large RLG, has a shot-noise limited sensitivity of 11 prad/s/ √ Hz. Taking advantage from its monolithic structure design and superior environmental control, it can resolve a rotation rate of 3.5 × 10 −13 rad/s over 1000 s of integration time 12 and detects the Chandler and the annual wobble of the Earth 7 . Two really large RLGs (UG-1, UG-2) have been built The principles of an active RLG and a PRG are the same: the resonant frequency difference of the ring cavity in the opposite directions is proportional to the rotation rate of the cavity frame itself, and can be written as:
where f s is the resonant frequency difference, called Sagnac frequency, Ω is the rotation rate vector, and K = 4 A/λP is the scale factor, where A is the area vector enclosed by the cavity, P the cavity perimeter and λ the laser wavelength. The main difference between an active RLG and a PRG is that the former has a lasing medium inside the cavity, while the latter utilizes an external laser to be injected in. Both of them have their own advantages and disadvantages. However, it is believed that they have essentially the same ultimate sensitivity, which is limited by the cavity loss 22, 23 . But so far the performance of a PRG is still worse than that of an active RLG 14,17-21 , so it is worth to revisit these experiments to look for other limiting factors and trying to improve technologies further.
In this Letter, we report a PRG utilizing a diode laser locked to adjacent longitudinal modes of a 1 m 2 ring cavity with a detection noise limited performance. This is a prototype of the PRG that is under development in our group with the ultimate goal of developing a PRG that can be used for Earth rotation monitoring to support the space-borne gravitational wave detector TianQin 24 . With suppression of the residual amplitude modulation (RAM), laser power fluctuation, and the backscattering effect, we achieve a rotational sensitivity of 2 nrad/s/ √ Hz between 5 to 100 Hz, which is mainly limited by detection noise. By monitoring and deducting cavity length drift, a relative Allan deviation of the Sagnac frequency of 1 × 10 −5 is obtained at a integration time of 4000 s, which corresponds to a rotation rate of 7 × 10 −10 rad/s. To our knowledge, this is the best result reported in a PRG, demonstrating the great potential of high sensitivity large scale passive gyroscopes.
II. EXPERIMENTAL APPARATUS
The experimental setup is shown in Fig. 1 . An 1064 nm diode laser (Toptica, DLCpro) is split into two branches, and phase modulated by two fiber electro-optic modulators (EOM).
The two modulated laser lights are mode matched, then coupled into the ring cavity in the CCW and CW direction and locked to the ring cavity with the Pound-Drever-Hall (PDH) technique 25 . The two locking loops are named the primary and the secondary loop, respectively. The secondary loop is frequency shifted by a fiber acoustic-optic modulator (AOM) to maintain a frequency lock with an offset of nominally one cavity free spectral range (FSR). The high Q factor 1 m×1 m square ring cavity is made from 4 super mirrors with a reflectivity of 99.999% at 45
• incident angle and 3 m radius of curvature. We achieve a cavity finesse of about 141, 000 with a measured ring-down time of about 300 µs. It indicates a high Q factor of 5.3 × 10 11 . In order to isolate the air flow, the ring cavity is placed in a vacuum chamber with a pressure of 2 × 10 −6 Pa. Instead of a traditional optical table, a granite platform with a weight of 2.7 ton is used to hold the chamber with enhanced dimensional stability. Our PRG is placed inside a cave laboratory to isolate the vibration and temperature fluctuation of the environment. In order to reduce the RAM effect of the EOM in the PDH locking, two RAM PDs are used to monitor the RAM at the modulated frequencies in the CCW and the CW loop, and we then actively stabilize the RAM fluctuations. Behind the cavity, a Mach-Zehnder heterodyne interferometer and an avalanche photodiode (APD) is utilized to sense the laser frequency difference of the primary and secondary loop. In a PRG, a faithful cavity locking is essential to achieve a good sensitivity. To obtain a high signal-noise ratio (SNR) of the PDH error signal, we take great care of the mode matching of the TEM 00 mode into the ring cavity. Since the cavity is made of 4 identical curved mirrors, we measure the Gaussian beam parameters of the leaked light from the cavity by a beam profiler (Dataray, WinCamD). The measured data is then used as a guidance for the mode matching telescope design. We then achieve a mode overlapping ratio of 70% for both locking loops.
Since the linewidth of the free-running diode laser is about 500 kHz, in order to lock the laser to the ring cavity in the primary loop, we implement a two-branch feedback control to the diode laser. The fast feedback branch is set by controlling the current and has a bandwidth of 1.5 MHz. The slow feedback branch uses a piezo with a locking bandwidth of The Sagnac frequency, f s , which is related to the rotation rate of the PRG, can be obtained from the beat frequency of the heterodyne interferometer:
The beat frequency equals to f AOM , which contains the rotation rate f s and the FSR frequency of the cavity f F SR .
III. RESULTS AND DISCUSSION
The ring cavity length change is a common mode noise if the CW and CCW modes see the same cavity frequency. The device operates in a split mode with a FSR frequency separation for the CW and CCW modes. In this way, the cavity length drift is a major noise source for our rotation sensor. In our case, the common mode rejection ratio, CMRR, is the ratio of the laser frequency to the frequency difference of the two loops, CMRR = ν l /f AOM .
Therefore, we monitor this cavity displacement noise by measuring the resonant PRG laser frequency variation of the primary loop via an ultra-stable laser reference. The ultra-stable laser has a frequency instability of 8×10 −16 and a drift rate of 3 kHz/day 26, 27 . We record the signal is shown in Fig. 2 (b) . According to Fig. 2 (b) , we draw the relative Allan deviation of rotation signal and show the result in Fig. 3 . The Allan deviation shows a 1/ √ τ slope starting from 10 s, indicating a dominant white frequency noise. We achieve an ultimate resolution of 7 × 10 −10 rad/s in rotation rate detection at an integration time of 4000 s. To further diagnose the noise contributions in our PRG, we measure the frequency noise spectrum of the Sagnac frequency in a large frequency range. The high frequency phase noise is measured with a phase noise analyzer (R&S, FSWP26), and the low frequency noise is recorded by the frequency counter. The Sagnac frequency noise is then converted to the rotational noise calibrated by the scale factor K. The result is shown in Fig. 4 with a red curve. As can be seen, the PRG reaches its best sensitivity of 2 × 10 respectively. The sum is shown with the black line, which overlaps with our result very well in the high frequency region. Furthermore, we directly measure the RAM effect contribution including electronic noise in the PDH detection, and show it in Fig. 4 with a blue curve. In this measurement, the RAM effect causes the drift at low frequencies. As can be seen, the theoretical and the experimental results match well with the real obtained rotation signal, indicating the current limitations for our PRG are the locking, the RAM effect, and the detection noise.
In conclusion, we have developed a large-scale PRG, which has a sensitivity of 2 × 10
nrad/s/ √ Hz, and we achieve a resolution of 7 × 10 −10 rad/s for a rotational signal over a integration time of 4000 s. The gyroscope has detected the tiny rotational motions of the platform that is housing the apparatus, and currently the rotational sensitivity is limited by the detection noise of the PDs, the RAM effect, and the instability of the cavity length. To our knowledge, this is the best result among all large scale PRGs. This indicates that PRGs have great potential to be a high resolution Earth rotation sensor at much smaller cost.
Better performance are expected with better custom-designed photo detectors, and lower shot noise limit with increasing laser powers. In the future, we plan to use an ultra-stable laser as our light source and increase the side arm length. The advantage of using an ultrastable laser is that it can serve as length standard to stabilize the geometrical scale factor of the PRG, with the obvious advantage of long-term stability. With all these improvements, the performance of the PRGs can have much better performance in both short-term and long-term. 
